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Sciellin, a precursor of the corni¢ed envelope, contains
a LIM domain that is known to function as a protein
interaction module. In this study we used the yeast
two-hybrid system to ¢nd proteins interacting with
sciellin and identi¢ed vitamin D-upregulated protein 1
(VDUP1). This protein had not been reported in skin,
but was shown in a number of cells to interact with re-
duced thioredoxin and regulate its function. Using an
a⁄nity VDUP1 column and an extract of cultured ker-
atinocytes it was shown that VDUP1 and sciellin inter-
acted. By immunohistochemistryVDUP1was localized
to the basal layer of normal human epidermis and the
inner and outer root sheaths but not the matrix of the
hair follicle. In the proliferative epidermis of psoriasis,
VDUP1was most highly expressed in the upper epider-
mal layers. In cultured keratinocytes,VDUP1 and sciel-
lin were more highly expressed in cells undergoing
di¡erentiation. Colocalization of the proteins could be
demonstrated by immunohistochemistry in parts of
the follicle, psoriatic epidermis, and cultured keratino-
cytes. Our results suggested that VDUP1 could have a
unique role in epidermis regulating the conversion
of postmitotic cells to di¡erentiating ones. Key word:
Hair. J Invest Dermatol 121:781 ^785, 2003
T
he corni¢ed envelope is an insoluble protein com-
plex formed under the plasma membrane in the
uppermost layers of strati¢ed squamous epithelium
and plays a major role in the barrier properties of
the stratum corneum (Nemes and Steinert, 1999).
The envelope contains a number of protein components and
these are cross-linked by e-(g-glutamyl)lysine bonds, catalyzed
by transglutaminase, as well as disul¢de bonds (Rice and Green,
1978; Hohl et al, 1991; Koizumi et al, 1996; Robinson et al, 1996;
DiColandrea et al, 2000; Koch et al, 2000; Kalinin et al, 2002).
Sciellin, a recently described precursor of the corni¢ed envelope,
is characterized by a central domain of repeat units rich in Gln
and Lys residues and a single LIM domain at the carboxyl end
(Champliaud et al, 1998). The LIM domain contains two zinc ¢n-
gers that are stabilized by Cys and His residues and mediate pro-
tein^protein interactions (Feuerstein et al, 1994). LIM-containing
proteins are a diverse group and may only function as binding
partners or contain additional separate functional domains (Da-
wid et al, 1998) such as the repeat units in sciellin which likely
form e-(g-glutamyl)lysine bonds. The LIM domain may interact
with another LIM domain or a structurally distinct motif.
In this report we selected the yeast two-hybrid system to iden-
tify proteins that interacted with sciellin and the most frequently
identi¢ed clone was vitamin D-upregulated protein 1 (VDUP1),
a protein initially identi¢ed in HL-60 cells stimulated by 1,25-
dihydroxyvitamin D-3 (Chen and DeLuca, 1994). VDUP1 tran-
scripts had not been reported in skin, but a northern blot showed
strong bands in heart, lung, thymus, kidney, spleen, testis, and
muscle (Junn et al, 2000). The nucleotide sequence of keratinocyte
cDNA was identical to that of HL-60 cells, and the deduced
genomic structure of the expression region was similar to that re-
ported for the mouse (Ludwig et al, 2001). An a⁄nity-puri¢ed
polyclonal antibody allowed identi¢cation of the protein in nor-
mal and pathological cutaneous tissue as well as in cultured kera-
tinocytes. These results suggested that VDUP1may have a unique
role in epithelial tissues in regulating the transition of transient
amplifying to suprabasal di¡erentiating cells. The use of human
and animal tissues was approved by our Institutional Review
Board and conducted according to the Declaration of the Helsin-
ki Principles.
MATERIALS ANDMETHODS
VDUP1 methods
Tissue and cell culture Normal human trunk skin was obtained from surgi-
cal procedures when tissue was to be discarded. The epidermis was sepa-
rated by scraping with a scalpel after heating the tissue at 551C for 30 s
and then stored frozen until used. HaCaT (Boukamp et al, 1988) and NM1
(Goldaber et al, 1990) cells were cultured in de¢ned keratinocyte serum-free
medium (Gibco BRL, Gaithersburg, MD) without a feeder layer. In some
experiments fetal bovine serum (at 10%), calcium (at 1.5 mM), or both
(complete) were added.
Preparation of the antibody An a⁄nity-puri¢ed rabbit antibody (VD4)
against the peptide RPSQPTQETKKN, which is present in VDUP1, was
prepared by Strategic Biosolutions (Ramona, CA). A polyclonal (SC4) and
monoclonal (34D11) antibody to sciellin were also used (Baden et al, 1987;
Champliaud et al, 1998).
Isolation of sciellin by a⁄nity puri¢cation of VDUP1 HaCaT cells cultured in
complete medium were rinsed with phosphate-bu¡ered saline, scraped o¡
the dish, and homogenized in 0.05 M Tris bu¡er, pH 7.5, with 250 mM
N-ethylmaleimide and 1 mM phenylmethylsulfonyl £uoride. After being
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stirred at 41C for 1 h, the suspension was centrifuged at 30,000 g for 30
min and the pellet was reextracted with the Tris bu¡er with 0.3 M NaCl
at 41C for 4 h. After centrifugation the supernatant was diluted to 0.15 M
NaCl withTris bu¡er and passed over aVD4 a⁄nity column as previously
described (Champliaud et al, 1998). After being washed with starting
bu¡er, the bound proteins were eluted with 100 mM acetic acid, pH 3.0,
and stored at 201C. Western blots using SC4 and VD4 were used
to identify the respective proteins that adhered to the column. This proce-
dure was repeated with a column to which normal rabbit g-globulin was
bound.
Immunoprecipitation Immunoprecipitation was done on NM1 cells cul-
tured in complete medium, rinsed with phosphate-bu¡ered saline, scraped
o¡ the dish, and homogenized in lysis bu¡er containing 0.3% Triton
X-100, 10 mM Tris, pH 7.4, 120 mM NaCl, 250 mM N-ethylmaleimide,
and 1 mM phenylmethylsulfonyl £uoride with the addition of SDS to
1%. After centrifugation at 30,000 g, the extract was diluted to 0.1%
SDS with lysis bu¡er and VD4 was added followed by protein G^agarose
beads (Pharmacia, Peapack, NJ). After incubation and washing, the beads
were eluted with Laemmli bu¡er with boiling, and a western blot was
done using 34D11.
Yeast two-hybrid system A keratinocyte cDNA library was screened using a
modi¢ed yeast two-hybrid system (Gyuris et al, 1993; Zervos et al, 1993;
Fusco et al, 1998). This library was provided by A.S. Zervos and C. Fusco.
We used the full-length sciellin fused to LexA1^220 as a bait. EGY48 (MAT
trp1 ura3 hi 3 leu2::p3LexAop-Leu2) yeast strain was used, which has an
integrated LEU reporter gene and upstream LexA operators as well as a
pSH18-34 (LexAop-lacZ) 2 m plasmid that directs the synthesis of b-galac-
tosidase (Gyuris et al, 1993). Of the 1 million primary yeast colonies
screened, 150 colonies were initially isolated by their ability to grow on
Gal-Ura-His-Trp-Leu-selective plates. When these were tested on Ura-
His-Trp-X-gal glucose and Ura-His-Trp-X-gal galactose plates, several co-
lonies had a galactose-dependent phenotype. The cDNA library plasmids
were isolated from these colonies and introduced into KC8 Escherichia coli
by electroporation. The sequence of the cDNAwas determined by sequen-
cing in the MGH Sequencing facility. Sequence searches were performed
using the BLAST program on the NCBI network server. The appropriate
controls were done to show the speci¢city of the interaction of the bait and
the library (Gyuris et al, 1993; Zervos et al, 1993).
Other methods SDS^PAGE (Laemmli, 1970) and electrophoretic
transfer of protein to nitrocellulose with immunoblot analysis were
carried out as described previously (Lunstrum et al, 1986) with SC4,VD4,
and 34D11 (Baden et al, 1987). For indirect immuno£uorescence 6-mm
tissue sections were ¢xed in acetone and cells cultured on plastic slides
¢xed in methanol. The primary antibodies used were VD4 and 34D11.
Horseradish peroxidase-conjugated goat anti-rabbit IgG as well as
conjugated goat anti-mouse IgG (ICN, Costa Mesa, CA) were the
secondary antibodies used in western blots and £uorescein isothiocyanate-
conjugated goat anti-mouse IgG and cyanine (Cy3)-conjugated goat anti-
rabbit IgG secondary antibodies (Jackson ImmunoResearch, West Grove,
PA) were used for indirect immuno£uorescence. In one experiment
confocal microscopy was used. Using a cDNA library previously prepared
from human keratinocyte RNA by RT-PCR (Champliaud et al, 2000) and
primers based on the publishedVDUP1 sequence (Chen and DeLuca, 1994),
the sequence of the cDNAwas determined.
RESULTS
Yeast two-hybrid data and identi¢cation of VDUP1 in
keratinocytes Thirty-eight positive clones derived from the
yeast two-hybrid screening were sequenced. One clone was
identi¢ed twice and only one clone with a keratinocyte-speci¢c
gene (keratin 5) was found. The sequence of eight clones
corresponded to a partial sequence of VDUP1 starting at
nucleotide numbers 600, 666, or 675. The remaining clones
revealed nucleotide sequences for commonly found ribosomal
related proteins and were considered nonspeci¢c. The presence
of VDUP1 transcripts in cultured keratinocytes was con¢rmed
using a cDNA library previously prepared from human keratino-
cyte RNA by RT-PCR and primers based on the published
VDUP1 sequence (Chen and DeLuca, 1994). A contig (Accession
Number AL138842) was identi¢ed that contained VDUP1 and
the exon/intron genomic structure was derived. Introns were
identi¢ed after nucleotides 471, 544, 692, 795, 1052, 1209, 1361,
and 2685 in the cDNA sequence.
Normal human epidermis and the cell lines HaCaT and NM1,
cultured in complete medium, showed a band of 51 kDa
using VD4 (Fig 1a). SC4 showed a band of 73 kDa with
these extracts (Fig 1b, lane 3). An interaction of sciellin and
VDUP1 in keratinocyte extracts was demonstrated by passing
a protein extract of cultured HaCaT cells though a VD4 a⁄-
nity column and observing that both proteins bound to
the column (Fig 1b, lanes 1,2). The binding speci¢city was
con¢rmed using a normal rabbit g-globulin column, which
showed that sciellin and VDUP1 did not adhere to the column
(Fig 1c, lanes 1^3).
Immunoprecipitation of cultured NM1 cells using the VD4
antibody showed that sciellin could be extracted from the beads
using 34D11 to detect it (Fig 1d, lane 1). When normal rabbit
g-globulin instead of VD4 was used for precipitation, sciellin
was not observed (Fig 1d, lane 2)
Localization of VDUP1 and sciellin in epidermis and
cultured keratinocytes Epidermis from both light and non-
light exposed normal human skin showed uniform cytoplasmic
staining of the basal layer and occasionally a spinous cell using
VD4 (Fig 2a). The cuto¡ in staining above the basal layer was
abrupt. Sciellin stained only the granular layer and there was no
overlap (Fig 2a). In the upper layers of skin, cytoplasmic staining
of the outer layer of the outer root sheath (ORS) was observed
with VD4 (Fig 2b), whereas deeper in the skin there was more
general staining of the ORS (Fig 2c). Staining was also
observed in the inner root sheath (IRS) and some variability in
intensity was observed in the di¡erent layers (Fig 2d,e). Sciellin
has previously been found in the IRS and the most inner layer of
the ORS in the upper follicle (Kvedar et al, 1992). No staining was
observed with VD4 of the cells surrounding the demal papilla
(Fig 2e). Mouse skin stained similarly to human skin using VD4
and basal layer staining of pig skin and tongue was also observed
(data not shown).
There are a number of diseases of the skin associated with
epidermal hyperplasia characterized by redness, scaling, and
thickening of the epidermis of which psoriasis is the most
common (Weinstein and Frost, 1968). Staining of involved skin
of psoriasis with VD4 showed the antigen present in all layers of
the viable epidermis, but was more intense in the upper layers
(Fig 3a). Staining for sciellin using 34D11 (Fig 3b) revealed
extension of the typical peripheral pattern deeper in the
epidermis, which has been observed with involucrin and other
Figure1. Expression of VDUP1 and sciellin in normal human epi-
dermis and cultured keratinocytes. (a) Lysis bu¡er extract of human
epidermis (lane 1), NM1 cells (lane 2), and HaCat cells (lane 3) showed bands
of identical mobility usingVD4. Lane 4 was a repeat of lane 1, but without
primary antibody. (b) Western blot of protein adherent and eluted from an
a⁄nityVD4 column and reacted withVD4 (lane 1) and SC4 (lane 2). Lane 3
was a western blot of the initial extract of HaCat cells reacted with SC4. (c)
Western blot of £ow through volume of normal rabbit g-globulin column
showed bands with SC4 (lane 1) and VD4 (lane 2) and the elution volume
(lane 3) when reacted with SC4 showed no band. (d) Western blot using
34D11 of protein extracted from protein G^agarose beads reacted with the
cultured cell lysate and VD4 (lane 1) and the extraction from protein
G^agarose beads reacted with lysate and normal rabbit g-globulin (lane 2).
The horizontal lines were standards of 50 and 75 kDa.
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corni¢ed envelope precursors (Ishida-Yamamoto and Iizuka,
1995). Overlay (Fig 3c) of Fig 3a,b con¢rms that most cells
expressing sciellin also express high levels of VDUP1.
NM1 is an immortal line of human keratinocytes with trisomy
at chromosome 8, which expresses many keratinocyte proteins.
When initially reported it could not be grown in the
keratinocyte media then available in the absence of a 3T3
¢broblast feeder layer. The NM1 cell did grow in de¢ned
keratinocyte SCM medium as a monolayer and showed weak
staining of the attached cells and strong staining of the rounded
cells detaching from the dish with VD4 (Fig 4a). 34D11 showed
little to no staining of attached cells but did stain the rounded
Figure 2. VDUP1 was localized to the basal layer of the epidermis
but was more widely distributed in the hair follicle. Tissue sections
were double-stained with 34D11 and VD4. (a) VDUP1 (red) was present
primarily in the basal layer of epidermis, whereas sciellin (green) was in
the granular layer. (b) In the infundibulum/isthmus of the follicle,VDUP1
was primarily in the periphery of the ORS. (c) Deeper in a tangential cut
follicle, the whole ORS containedVDUP1 and sciellin lined its inner most
layer. The corni¢ed IRS was weakly stained. (d) A cross-section in the low-
er third of the follicle showed staining of the ORS by VDUP1, where as
sciellin was restricted to the ORS inner most surface (arrowhead) with evi-
dence of colocalization. The IRS stained for VDUP1 and sciellin with co-
localization most evident in its inner most layer (arrow). (e) The bulb region
showed that the IRS but not the matrix cells surrounding the dermal pa-
pilla (DP) were stained byVD4. The large white dots outline the DP and the
small ones, the ORS. Bar, 30 mm.
Figure 3. In lesional psoriatic skin VDUP1 was present throughout
the epidermis. Double staining with VD4 (a) and 34D11 (b) showed a
broader distribution of the antigens than in normal skin. Overlay (c) of
a,b showed that cells expressing sciellin contained high levels of VDUP1.
Bar, 30 mm.
Figure 4. Di¡erentiation of cultured keratinocytes resulted in colo-
calization and enhanced expression of VDUP1 and sciellin. Cells
were double-stained with 34D11 and VD4. In a^c, the cells were cultured
in de¢ned keratinocyte medium and enhanced expression of VDUP1 (a)
and sciellin (b) was seen in the di¡erentiating round cells detaching from
the dishes. Overlay (c) of a,b con¢rmed the colocalization of the proteins in
the detaching cells (). In d^f cells were grown in complete medium con-
taining fetal bovine serum and Ca2þ to induce di¡erentiation and were
visualized by confocal microscopy to better document coexpression. The
di¡erentiated cells expressed higher levels of VDUP1 (d) and sciellin (e)
and the overlay (f) of d,e con¢rmed the coexpression of VDUP1 and sciel-
lin in some cells (). Bar, 10 mm.
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cells (Fig 4b), whereas double staining with VD4 and 34D11
showed colocalization in the detaching cells (Fig 4c). When
di¡erentiation was induced with the addition of 1.5 mM Ca2þ
and 10% fetal bovine serum strati¢cation with enhanced
expression of VDUP1 and sciellin was observed using confocal
microscopy (Fig 4d,e). The overlay (Fig 4f) of Fig 4d,e
con¢rmed the coexpression of VDUP1 and sciellin in some
cells. Cultures grown with the addition of serum and Ca2þ
were more strati¢ed and showed greater expression of sciellin
and VDUP1 both by staining and western blot compared to the
addition of serum alone (data not shown).
DISCUSSION
The interaction we observed between sciellin and VDUP1 in the
yeast two-hybrid systemwas also demonstrated in extracts of cul-
tured keratinocytes using aVD4 a⁄nity column. In keratinocytes
cultured either in the basal medium or the complete medium,
enhanced expression of both proteins was observed in the most
di¡erentiated upper layers. Furthermore, double antibody label-
ing techniques showed regions of the colonies where the £uores-
cent color indicated colocalizations of VDUP1 and sciellin. This
is in contrast to normal epidermis where VDUP1 appeared to be
in the basal layer and sciellin in the granular layer. Because the
antibody to VDUP1 was made to a small peptide, it is possible
that the epitope was masked and, thus, not apparent in the supra-
basal cells. In hyperproliferative epidermis, expression of VDUP1
extended to the suprabasal cells, and basal layer keratinocytes
were less well stained.The hair follicle also expressedVDUP1 dif-
ferently than epidermis with the basal layers of the bulb revealing
no to little staining, whereas the keratinocytes of the IRS and
ORS showed strong staining in the lower part of the follicle. In
both hyperproliferative epidermis and the hair follicle there were
areas where both proteins colocalizes. These results suggested that
an interaction between sciellin and VDUP1 might occur in sub-
sets of cells. The region of apparent interaction of VDUP1 with
sciellin observed in the two-hybrid system started at amino acid
residue 120 of VDUP1.
Binding of VDUP1 to thioredoxin by interaction with cy-
steine 32 and 35, which is the active center of the reduced form,
had been shown to inhibit its disul¢de reducing activity and was
its only known function (Wakita et al, 1992; Nishiyama et al, 1999;
Junn et al, 2000; Yamanaka et al, 2000). The domain of VDUP1,
which mediated this e¡ect, starting at amino acid residue 155, was
only slightly di¡erent than the region of the molecule which in-
teracted with sciellin. A comparison of the skin distribution
VDUP1 and that reported for thioredoxin (Wakita et al, 1992) in-
dicated some overlap but also di¡erences. The latter was only pre-
sent in light-exposed skin (Wakita et al, 1992) where it was
thought to play a role in protection against UV radiation and
oxygen defense (Schallreuter et al, 1986; Schallreuter and Wood,
1989;Wakita et al, 1992), whereas the former was expressed in all
skin as well as other strati¢ed squamous epithelium (e.g., oral
cavity). Our observations on the di¡erences in the localization of
VDUP1 and thioredoxin suggested another role for VDUP1. The
majority of cells in the basal layer of normal epidermis are not
actively proliferating, but are a pool of cells that move upward
into the suprabasal di¡erentiating compartment. In psoriasis and
the matrix of the hair bulb, the basal compartment contains very
active proliferating cells and showed very limited or no expres-
sion of VDUP1, whereas strong expression of the protein in the
follicle was observed in the nonproliferating cells of the ORS
and IRS above them. These data coupled with the expression
of VDUP1 in cultured keratinocytes suggested that the protein
may function to regulate the transition of postmitotic keratino-
cytes to di¡erentiating ones. Presumably downregulation of
VDUP1would precede the release of basal cells to the suprabasal
compartment.
The mouse VDUP1 gene including the promotor region
has been cloned and sequenced (Ludwig et al, 2001) and a number
of sites for putative transcription factor binding were identi¢ed.
Furthermore, using a contig (AL138842) containing the human
VDUP1 gene and the Lalign program (ExPASy Home Page),
it has been possible ¢nd many of the transcription factor
sites reported for the mouse in the human gene. Further
analysis of the regulatory regions could lead to a more compre-
hensive understanding of the role of VDUP1 in keratinocyte
di¡erentiation.
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